Common polyester fibers are hydrophobic in nature. Thus it is hard to process the fibers in the hydroentangled nonwoven process and the resultant nonwoven fabric is hydrophobic as well. In this paper, two kinds of polyester fibers treated with different hydrophilic finishing agents and one common polyester fiber were formed into nonwoven fabrics by using hydroentanglement process. The influences of the hydrophilic and friction properties of the PET fibers on the properties of hydroentangled nonwoven fabrics were studied.
INTRODUCTION
Hydroentangled nonwoven fabric is perhaps the fastest growing nonwoven fabric due to its relatively high strength, softness, drape and comfortability. The fabric is formed by impacting webs of fibers or filaments with high velocity water jets on a water permeable support surface to induce fiber entanglements and to enable the formation of a mechanically bonded structure [1] . A schematic diagram of the hydroenatngling process is shown in Figure 1 . It is well known the fact that fiber mechanical properties contribute both to the fiber behaviours in processing and the final nonwoven fabric properties. The effects of fiber properties on the tensile properties and therefore bonding in hydroentangled nonwoven fabrics were previously discussed [2] . However, little research has been reported to relate fiber surface properties, especially the hydrophilic and friction properties, to fabric performance. On the other hand, in the textile industry, owing to the excellent physical and chemical properties and economical properties, the polyester represented with poly (ethylene terephthalate) has widely been used as a raw material for woven fabrics and nonwoven fabrics (such as spunbond nowoven fabrics and needle punching nonwoven fabrics). However, the polyester type fiber is a hydrophobic fiber and has disadvantages that it is hard to process the fiber in the hydroentangled nonwoven process and that the resultant nonwoven fabrics are hydrophobic. In order to improve such disadvantages, a variety of methods have been proposed [3] . In China, Yizheng Chemical Fibers Co. successfully marketed two kinds of hydrophilic PET fibers specially used for hydroentangled nonwoven fabrics [4] . It is believed that the hydrophilic finishing can improve the hydroentangling performance of the hydroentangled nonwoven fabrics. However, there is no thorough scientific research on the influences of the hydrophilic surface finishing of fibers on the hydroentangling process and the properties of the resultant nonwoven fabric.
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In this paper, two kinds of polyester fibers treated with different surface finishing agents and one common polyester fiber were formed into nonwoven fabrics by using hydroentanglement process in our laboratory. The relationships between the properties of fibers and the corresponding nonwoven fabrics were analyzed and the influences of hydrophilic finishing on the hydroentangling performance were investigated as well.
EXPERIMENTAL

Materials
Three kinds of PET staple fibers (1.56dtex×38mm), i.e. PET fiber A, PET fiber B and PET fiber C, were obtained from Yizheng Chemical Fibers Co. (China). PET fiber A is a kind of common polyester fiber, PET fiber B and C were treated by two different hydrophilic surface finishing agents based on modified PET fiber A. All fibers were in bale form.
Method Preparation of hydroentangled nonwoven fabrics
Pre-webs of PET fiber A, PET fiber B and C were formed by carding and straight-lapping process, respectively. The basis weight of the webs was controlled as 60g/m 2 . Then the hydroentangled nonwoven fabrics were made by using a Fleissner Aquajet Y500-2 hydroentangled machine with 1 manifold under the forming speed of 2m/min. The pre-webs were first compacted and prewetted underneath the jet head with the jet pressure of 15bar, and then treated by three passes on each side. Table I summarizes the pressure of the water jets of the hydroentanglement conditions for all the samples. The air permeability property of the hydroentangled nonwoven fabrics were tested by using YG461D Digital Air Permeability Tester (Wenzhou Fangyuan Instrument Co., China) according to GB/T5453-1997 (China) standard.
The contact angle of the hydroentangled nonwoven fabrics were measured by using JC2000A Contact Angle Tester (Shanghai Zhongchen Digital Technical Apparatus Co., China) according to ASTM D5725. The contact angles of the three kinds of fibers were measured by using OCA40 Micro Optical Contact Angle Measurement (Dataphysics, German).
The surface of PET fibers before and after hydroentanglement was observed by using JSM-5600LV (GEOL Co., Japan) scanning electron microscope (SEM) at 10 kV. All samples were sputtered with gold。
RESULTS AND DISCUSSION
Properties of PET fibers treated with different hydrophilic finishing agents
The mechanical properties, hydrophilic properties (such as moisture regain and liquid absorptive capacity properties), and friction properties of PET fiber A, PET fiber B and PET fiber C were tested and the results were shown in Table II .
It can be found from Table II that the three kinds of PET fibers have similar tensile strength. The initial modulus of PET fiber A is slightly higher than that of PET fiber B and C, and the elongation of PET fiber C and B is slight higher than that of PET fiber A. On the other hand, the moisture regain and liquid absorptive capacity of both PET fiber B and C are higher than that of PET fiber A. The contact angle of PET fiber A is higher than that of PET fiber B, and that of PET fiber B is higher than that of PET fiber C. In addition, the coefficients of dynamic and static friction of PET fiber B and C are higher than that of PET fiber A, which may be caused by the hydrophilic finishing agents and moisture on the surface of PET fiber B and C.
It is said that the hydroentanglement generally decreases with increasing fiber initial modulus [5] . Therefore, PET fiber B and C are two kinds of PET fibers specially used for hydroentanglement with lower initial modulus, better hydrophilic and higher friction properties.
Mechanical properties of PET hydroentangled nonwoven fabrics
Three kinds of hydroentangled nonwoven fabrics with PET fiber A, PET fiber B and C were formed and their mechanical properties were tested and shown in Table III . It can be seen from Table III that the tensile strength (both in MD and CD) of the hydroentangled nonwoven fabrics of PET fiber B and C is significantly higher than that of PET fiber A. As shown in Table II , the tensile strength of the three kinds of fibers is almost the same, which suggests that the tensile strength of the hydroentangled nonwoven fabrics is irrespective of fiber strength.
It is said that the tensile strength of the hydroentangled nonwoven fabrics positively correlates with the hydroentanglement intensity [5] . In order to characterize the hydroentanglement intensity, the bonding index (BI) is defined as follows:
Where MD and CD are the tensile strength of the hydroentangled nonwoven fabrics in machine direction and cross direction, respectively, W is the basis weight of the hydroentangled nonwoven fabrics. In equation (1), the tensile strength of the hydroentanlged nonwoven fabrics is normalized by the basis weight, thus BI of the hydroentanlged nonwoven fabrics with different basis weight can be compared with each other.
It can be seen from be ordered as PET fiber C >PET fiber B>PET fiber A. This means that the hydrophilic finishing of PET fiber B and C benefits the hydroentangling during the hydroentanglement. In addition, the initial modulus of PET fiber B and C is slightly lower than that of PET fiber A, which may partly contribute to their higher hydroentanglement intensity as well, because it is said that the lower initial modulus of the fiber makes the entangling easier [5] .
Thickness of the webs before and after hydroentanglement
In order to characterize the hydroentanglement intensity of the three kinds of hydroentangled nonwoven fabrics, the thickness of webs before and after hydroentanglement were tested and the results were shown in Table IV . It can be seen from Table IV that the pre-web of PET fiber C is slightly thinner than that of PET fiber A and B with the same basis weight. This can be explained that the high moisture regain of PET fiber C benefits the carding and lapping process of the web formation. After hydroentanglement, the thickness of nonwoven fabric of PET fiber C was lower than that of PET fiber B, and the thickness of nonwoven fabric of PET fiber B was lower than that of PET fiber A, which means that the hydroentanglement intensity of nonwoven fabric of PET fiber C is higher than that of PET fiber B, and the hydroentanglement intensity of nonwoven fabric of PET fiber B is higher than that of PET fiber A, which is consistent to the results of BI. Therefore, it can be concluded that the mechanical and surface properties of PET fiber B and C make them entangle more efficiently, resulting with the high hydroentanglement intensity in the nonwoven fabrics.
Porosity and permeability properties of the hydroentangled nonwoven fabrics
The hydroentanglement intensity of the hydroentangled nonwoven fabrics can be further characterized by testing their porosity and permeability and the results were shown in Table V . It can be found from Table V that the mean flow pore diameter of the hydroentangled nonwoven fabric of PET fiber B and C is smaller than that of PET fiber A, which means that the hydroentanglement intensity of PET fiber C and B are higher than that of PET fiber A and there are more fibers per unit area of the hydroentangled nonwoven fabrics of PET fiber B and C. In addition, the air will encounter more flow resistivity of the fibers per unit volume of the hydroentangled nonwoven fabrics of PET fiber B and C because the smaller mean flow pore diameter of the hydroentangled nonwoven fabrics. Hence the air permeability rate of the hydroentangled nonwoven fabrics of PET fiber B and C are higher than that of PET fiber A.
From the investigation of the thickness, porosity and permeability of the hydroenatangled nonwoven fabrics of PET fiber A, B and C, it can be concluded that the hydroentanglement intensity of the hydroentangled nonwoven fabric of PET fiber C is higher than that of PET fiber B, and that of PET fiber B is higher than that of PET fiber A. It suggests that the efficiency of energy absorption of PET fiber C is the highest during the hydroentanglement because of its lower initial modulus, better hydrophilic properties and higher friction property.
Liquid absorption properties of the hydroentangled nonwoven fabrics
Liquid absorption capacity is one of the key properties of hydroentangled nonwoven fabric because it is widely used as wipes, face masks, towels and so on [6] . In addition, in order to find out whether the hydrophilic finishing agents are still on the surface of the fibers after hydroentanglement, the liquid absorption capacity and contact angle of the hydroentangled nonwoven fabrics were tested and the results were shown in Table 6 . It is found from Table VI that the liquid absorptive capacity of the hydroentangled nonwoven fabric of PET fiber C is higher than that of PET fiber B and that of PET fiber B is higher than that of PET fiber A. At the same time, the results of their contact angle show the same trends. This means that the surface finishing agents still adhere on the surface of the fibers of PET fiber B and C after hydroentanglement.
On the other hand, the liquid absorptive capacity of the hydroentangled nonwoven fabric of PET fiber C is significantly higher that of PET fiber A and B, which suggests that the structure of hydroentangled nonwoven of PET fiber C improves the water absorption. The excellent liquid absorption properties of the hydroentangled nonwoven fabric of PET fiber C made it an ideal material for wipes, towels and face masks, etc.
Surface of PET fibers before and after hydroentanglement
In order to further prove whether the hydrophilic finishing agents are still on the surface of the fibers of PET fiber B and C after hydroentanglement, the surface of the three fibers before and after hydroentanglement were tested by SEM and the photos were shown in Figure 2 and Figure 3 , respectively.
It can be found from Figure 2 that there are more particles on the surface of PET fiber C, which means that particles on the surface of PET fiber C partly contribute to the increase of the friction. At the same time, it is clearly shown from Figure 3 that the particles are still on the surface of the fibers after hydroentanglement, especially PET fiber C, which suggests that the surface properties of the three fibers do not change obviously after hydroentanglement. 
Analysis of the entangling point during tensile strength testing
During the hydroentanglement, entangling points are formed among fibers due to the impact of the water jets and an entangling point is highlighted by the rectangle in Figure 3 (b) . The entangling point of two fibers can be modelled as Figure 4 . It is said that the tensile strength of hydroentangled nonwoven fabrics is mainly determined by the strength of the bonding points [7] . In order to find out the reason why the tensile strength of the hydroentanlged nonwoven fabrics of PET fiber B and C is higher than that of PET fiber A, a model of the forces applied on the entangling point during the tensile strength testing is set up in Figure 5 . During the tensile strength testing, when an incoming force F 0 is applied on one end of the fiber II, an outgoing resisting force F 1 will generate on the tangent point B of fiber I and II when fiber II is distangled from fiber I, as shown in Figure 5 . It can be seen that the model is similar to the fiber capstan friction testing and the relationship between F 1 and F 0 can be written by the capstan equation as follows:
Where u is the friction coefficient of the fiber, θis the contact angle of fiber I and II.
As we know, the coefficient of friction of PET fiber B and C before hydroentanglement is higher than that of PET fiber A, and the hydrophilic finishing agents are still on the surface of the fibers of PET B and C after hydroentanglement, which means the coefficient of the friction of fibers in the hydroentangled nonwoven fabrics of PET fiber C is higher than that of PET fiber B, and that of PET fiber B is higher than that of PET fiber A. According to the above equation, during the tensile testing process, F 1 applied on PET fiber C, which will finally disentangle the entangling point of fiber I and fiber II, will be higher than that of PET fiber B and A. Hence the strength of the entangling points of the hydroentangled nonwoven fabric of PET fiber C is higher than that of PET fiber B, and the strength of the entangling points of the hydroentangled nonwoven fabric of PET fiber B is higher than that of PET fiber A.
CONCLUSIONS
In this paper, the properties of PET fibers after different hydrophilic finishing were tested and three kinds of hydroentangled nonwoven fabrics were obtained. It is found that hydroentangled nonwoven fabrics with higher absorption and mechanical properties were obtained from PET fibers with lower initial modulus, better hydrophilic properties and higher friction coefficient. From the analysis of the BI, thickness changes of the webs before and after hydroentanglement, porosity and permeability of the hydroentangled nonwoven fabrics, it is suggested that the hydroentanglement intensity of the hydroentangled nonwoven fabric of PET fiber C is higher than that of PET fiber B, and that of PET fiber B is higher than that of PET fiber A. In addition, the liquid absorption properties of the hydroentangled nonwoven fabrics and the investigation on the surface of PET fibers before and after hydroentanglement suggest that the hydrophilic finishing agents still adhere on the surface of the fibers of PET fiber B is set up to analyze the forces applied on the fibers in the entangling point during the tensile strength testing and an equation is established to correlate the outgoing resisting force applied on the fiber with its friction property. It is found that the strength of the entangling points of the hydroentangled nonwoven fabrics of PET fiber A, B and C can be ordered as PET fiber C >PET fiber B>PET fiber A
In conclusion, the tensile strength of the hydroenatngled nonwoven fabrics increases with the hydroentanglement intensity and strength of the entangling points, and the hydroentanglement intensity and strength of the entangling points of the hydroentangled nonwoven fabrics increase with the hydrophilicity and friction properties of the fibers. Consequently, the tensile strength of the hydroentangled nonwoven fabrics of PET fiber B and C is higher than that of PET fiber A.
